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are generally well tolerated, with a low risk of hypoglycemia when not taken with concomitant insulin or sulfonylurea, [17] [18] [19] [20] [21] [22] [23] but are associated with an increased frequency of gastrointestinal adverse events (AEs) such as nausea, vomiting, and diarrhea. 24 Gastrointestinal symptoms associated with GLP-1RAs occur early in the course of therapy and generally lessen over time. [25] [26] [27] Hydration is important for all patients with diabetes, particularly those with DKD, given that severe vomiting without commensurate fluid replacement can lead to hypovolemia and acutely worsening renal function. 26, 27 Postmarketing cases of acute kidney failure associated with GLP-1RA use have been reported, 28 resulting in warnings and precautions in the prescribing information for their use in patients with impaired renal function.
Because renal impairment and T2DM are often comorbid conditions, a need exists for effective glucose-lowering therapies in patients with renal impairment. GLP-1RAs vary in their primary mechanism of metabolism and elimination, and while some agents undergo renal clearance, GLP-1RAs are not nephrotoxic. However, impaired renal function would be expected to affect the pharmacokinetics of renally eliminated GLP-1RAs, potentially increasing drug exposure and the risk of AEs. GLP-1RAs currently available in the United States include exenatide twice daily (bid), exenatide once weekly (qw), lixisenatide once daily (qd), liraglutide qd, dulaglutide qw, and semaglutide qw; albiglutide qw has been withdrawn from the market. Exenatide undergoes renal elimination and generalized proteolysis; exenatide qw is not recommended for patients with an eGFR below 45 mL/min/1.73 m 2 . 18, 19 Lixisenatide is eliminated through glomerular filtration, followed by tubular reabsorption and subsequent metabolic degradation; patients treated with lixisenatide who have mild, moderate, or severe renal impairment should be monitored for changes in renal function and for gastrointestinal AEs. 21 The "glutides": liraglutide, dulaglutide, and semaglutide are human GLP-1 analogs eliminated by general proteolysis pathways by mechanisms other than renal elimination but should be used with caution in patients with renal impairment, particularly during treatment initiation or dose escalation, as adverse gastrointestinal reactions associated with GLP-1RAs can increase the risk of developing volume depletion and worsen renal function. 20, 22, 23 Given the relationship between diabetes and kidney disease, the objective of this review is to summarize the efficacy of GLP-1RAs and their effects on renal outcomes in patients with T2DM and renal impairment. To identify studies reporting effects of GLP-1RAs in patients with renal impairment, the US National Library of Medicine PubMed database was searched for combinations of relevant terms including "exenatide," "lixisenatide," "liraglutide," "dulaglutide," "semaglutide," "glucagon-like peptide-1 receptor agonists," "kidney," "renal," "nephropathy," and "diabetic kidney disease." The search was limited to English-language publications. Articles were manually searched to identify studies reporting the efficacy of GLP-1RAs in patients with varying degrees of renal function and effects of GLP-1RAs on renal outcomes, with additional studies identified within the reference lists of resultant articles.
| RENAL EFFECTS OF GLP-1RAS
Experiments evaluating exenatide and liraglutide in animal model systems have demonstrated improvements in glomerular hyperfiltration, albuminuria, oxidative stress, and histologic features indicative of DKD, suggesting a role for exenatide and liraglutide in protecting renal function (Table 1) . [29] [30] [31] [32] [33] [34] These effects may extend across the GLP-1RA class; although to date no preclinical studies directly examining renoprotective effects with other GLP-1RAs are known. Importantly, preclinical studies have generated hypotheses regarding potential renoprotective effects of GLP-1RAs. While clinical studies on renoprotection are limited, several suggest that GLP-1RAs may promote improved kidney function in humans ( Table 2 ). In addition, clinical studies including subgroup analyses stratified by renal function have examined the effect of impaired renal function on the efficacy of GLP-1RAs in patients with T2DM.
| Exenatide
Several studies have examined the effect of renal function on the efficacy of exenatide treatment. A post hoc analysis of a randomized controlled trial (RCT) compared the effects of exenatide qw formulated for autoinjection with exenatide bid by renal function status. 51 As renal function decreased, the glycemic effect of exenatide bid increased (glycated hemoglobin [HbA1c] reductions of −0.7%, −1.3%, and −1.4% [−7.5, −14.6, and −15.2 mmol/mol] for the eGFR subgroups ≥90, 60-89, and 30-59 mL/min/1.73 m 2 , respectively), while there was no effect on body weight. In contrast, renal impairment had no effect on HbA1c reductions associated with exenatide qw for autoinjection (−1.5%, −1.4%, and −1.4% [−16.7, −15.0, and −15.2 mmol/mol] for eGFR subgroups ≥90, 60-89, and 30-59 mL/min/1.73 m 2 , respectively), but greater weight loss was observed as renal function decreased. These findings suggest impaired renal function may increase exposure, and thereby glycemic response, to exenatide bid. Renal function status showed no clear effect on the safety profile of either formulation.
The Exenatide Study of Cardiovascular Event Lowering (EXSCEL) examined the effects of exenatide qw compared 44 A subanalysis of the primary outcome of major adverse cardiovascular events (MACE; first occurrence of death from cardiovascular causes, nonfatal myocardial infarction, or nonfatal stroke) in prespecified renal function subgroups demonstrated no significant treatment interaction, suggesting no effect modification by renal function status. In the total population, exenatide qw showed improvement in terms of overall difference from placebo for some cardiorenal risk factors, including reductions in systolic BP (SBP; −1.57 mmHg; P < .001) and body weight (−1.27 kg; P < .001). Furthermore, a composite renal outcome consisting of 40% eGFR decline, renal replacement, renal death, or new macroalbuminuria (UACR >300 mg/g) was significantly reduced with exenatide qw vs that with placebo in an analysis adjusted for age, sex, ethnicity, race, region, duration of diabetes, history of cardiovascular event, insulin use, baseline HbA1c, eGFR, and body mass index (5.8% vs 6.5%; adjusted hazard ratio [HR], 0.85 [95% confidence interval (CI), 0.73-0.98]; P = .027) (Figure 1 ). 45 The effect of exenatide on renal fibrosing factors has also been examined in patients with T2DM and renal impairment. Transforming growth factor β1 (TGF-β1) and type IV collagen both contribute to extracellular matrix accumulation in DKD. In a small study (N = 31) of patients with T2DM and microalbuminuria (defined as urinary albumin 30-300 mg/24 hours), after 16 weeks, exenatide bid significantly reduced 24-hour urinary albumin (−38.0%), urinary TGF-β1 (−37.3%), and type IV collagen (−25.3%; P < .01 for all), whereas the glimepiride-treated group had no significant reductions in these measurements. 35 Exenatide also resulted in a small, nonsignificant reduction in SBP vs glimepiride. However, neutral effects of exenatide bid on renal function have also been observed. A post hoc analysis of 54 patients without overt nephropathy treated with exenatide bid or insulin glargine for 52 weeks found no significant change from baseline in creatinine clearance or albuminuria (urinary albumin excretion and UACR) among exenatide-treated patients. 52 An observational study examined renal outcomes with glucose-lowering treatments among 466 patients studied sequentially over 3 years, 275 of whom were treated with a GLP-1RA (exenatide or liraglutide). 40 GLP-1RA-treated patients had a mean decrease in albuminuria (−39.6 mg/g; P < .0001) compared with a mean increase in albuminuria (+5.6 mg/g) in patients treated with unspecified glucoselowering drugs. Among those with macroalbuminuria at baseline, greater proportions of GLP-1RA-treated patients developed microalbuminuria (UACR 30-300 mg/g; 23%) or normoalbuminuria (UACR <30 mg/g; 2.8%) compared with those receiving unspecified glucose-lowering therapies (microalbuminuria, 12.3%; normoalbuminuria, 0%; P = .0005). SBP was also lower among patients receiving GLP-1RAs (by 3 mmHg).
| Lixisenatide
A post hoc meta-analysis of nine RCTs that examined lixisenatide in patients with normal renal function or with mild or moderate renal impairment found no difference in efficacy on the basis of renal status (end-of-study placeboadjusted differences in HbA1c of −0.52%, −0.50%, and − 0.85% [−5.7, −5.5, and −9.3 mmol/mol] for creatinine clearance subgroups ≥90, 60-89, or 30-59 mL/min, respectively). 53 However, a higher incidence of gastrointestinal AEs occurred with mild renal impairment vs the incidence with normal renal function.
In the Evaluation of Lixisenatide in Acute Coronary Syndrome (ELIXA) study (N = 6068), which examined cardiovascular outcomes with lixisenatide treatment in patients with T2DM who had a recent acute coronary syndrome, 23% of patients had eGFR 30 to 60 mL/min/1.73 m 2 and 0.1% had eGFR <30 mL/min/1.73 m 2 . 42 A subgroup analysis of the primary outcome (time to event for composite of death from cardiovascular causes, nonfatal myocardial infarction, nonfatal stroke, or hospitalization for unstable angina) demonstrated no significant interactions in prespecified renal function subgroups. In the total population, lixisenatide showed improvement in terms of average difference from placebo across all visits for some cardiorenal risk factors, including modest reductions in SBP (−0.8 mmHg; P = .001) and body weight (−0.7 kg; P < .001). In addition, lixisenatide resulted in a smaller increase in the UACR vs placebo (+24% vs +34%; P = .004) after 108 weeks of treatment. Subgroup analyses demonstrated significant reductions in UACR with lixisenatide vs those with placebo among patients with macroalbuminuria (UACR >300 mg/g) at baseline (treatment difference for percent change from baseline: −39.18%; P = .0070). Further, lixisenatide showed a reduced risk of progression to macroalbuminuria compared F I G U R E 1 Composite renal outcomes with GLP-1RA treatment in patients with T2DM in cardiovascular outcome trials. 44 with placebo when adjusted for baseline HbA1c (6.5% vs 7.7%; adjusted HR, 0.81 [95% CI, 0.66-0.99]; P = .0404). 43 
| Liraglutide
Multiple studies have examined the glycemic effects of liraglutide in patients with T2DM and renal impairment. A 26-week RCT investigating liraglutide 1.8 mg (n = 140) vs placebo (n = 139) in patients with moderate renal impairment (eGFR 30-59 mL/min/1.73 m 2 ) demonstrated significant HbA1c reductions with liraglutide (−1.05% vs −0.38% with placebo [−11.5 vs −4.2 mmol/mol]; P < .0001), with no effect on renal function as measured by UACR or eGFR. 54 In a separate RCT of 24 patients with dialysisdependent ESRD, liraglutide reduced HbA1c at 12 weeks (−0.5% [−5.5 mmol/mol]) from baseline (6.7% [50 mmol/mol]), but not significantly vs placebo. 55 Nausea and vomiting occurred more frequently with liraglutide than placebo in this subpopulation. In a metaanalysis of six 26- 56 There was a trend toward increased nausea in patients with moderate or severe renal impairment.
The effects of liraglutide on renal measurements have also been examined in patients with T2DM and impaired renal function. In a 12-month longitudinal study of liraglutide (N = 84), eGFR reached the normal range (≥90 mL/min using the Chronic Kidney Disease-Epidemiology Collaboration equation) in 7 of 41 patients with baseline eGFR <90 mL/min. 38 Furthermore, three of five patients with baseline microalbuminuria returned to normal albuminuria. Among 23 patients with DKD who had received renin-angiotensin system blockers, 12-month treatment with liraglutide significantly decreased proteinuria from 2.53 to 1.47 g/g creatinine and reduced the rate of eGFR decline from 6.6 to 0.3 mL/min/1.73 m 2 per year. 39 In a small randomized controlled crossover trial (N = 32), treatment with liraglutide for 12 weeks significantly reduced the urinary albumin excretion rate vs placebo (−32%; P = .017) in patients with persistent albuminuria (UACR ≥30 mg/g) and eGFR ≥30 mL/min/1.73 m 2 who were receiving stable renin-angiotensin system-blocking treatment, further suggesting a renoprotective role for liraglutide. 36 The Liraglutide Effect and Action in Diabetes: Evaluation of Cardiovascular Outcome Results (LEADER) trial (N = 9340), which included~23% of patients with moderate or severe renal impairment, studied cardiovascular outcomes during treatment with liraglutide vs those with placebo. 46 A prespecified subgroup analysis comparing the primary outcome of MACE in patients with moderate or severe renal impairment (eGFR <60 mL/min/1.73 m 2 ) vs patients with eGFR ≥60 mL/min/1.73 m 2 showed a greater benefit of liraglutide in the moderate or severe renal impairment group (P = .01). However, a sensitivity analysis showed no clinically meaningful treatment interaction based on renal function. The LEADER trial also showed a beneficial effect of GLP-1RAs on some renal outcomes. The incidence of nephropathy (defined as new-onset macroalbuminuria or a doubling of serum creatinine level and eGFR ≤45 mL/min/1.73 m 2 , the need for continuous renal replacement therapy, or death from renal disease) was lower with liraglutide vs that with placebo (5.7% vs 7.2%; HR, 0.78 [95% CI, 0.67-0.92]; P = .003) ( Figure 1 ). 46 This result was driven by a 26% reduction of new-onset persistent macroalbuminuria. 47 Placebo-subtracted reductions in cardiorenal risk factors, including SBP (−1.2 mmHg) and body weight (−2.3 kg) at 36 months, were also observed. 46 
| Dulaglutide
A pooled analysis of renal effects and safety in nine phase 2 and 3 studies of dulaglutide included 6005 patients, of whom 4.4% had persistent eGFR <60 mL/min/1.73 m 2 , 3.0% had persistent macroalbuminuria, and 7.1% had eGFR <60 mL/min/1.73 m 2 and/or macroalbuminuria. 37 Renal end points were evaluated in six of the trials, while renal safety was evaluated in all nine trials. At 26 weeks, dulaglutide slightly decreased albuminuria, reflected by larger reductions in median percent change in UACR vs placebo (−16.7% vs −10.0%; P = .043), active comparators (−20.0% vs −12.5%; P = .054), and insulin glargine (−20.0% vs −9.4%; P = .100). No significant differences in eGFR were observed with dulaglutide vs those with other treatments. In addition, dulaglutide was not associated with AEs indicative of potential acute renal failure. 37 The AWARD-7 RCT investigated the effects of dulaglutide 1.5 mg, dulaglutide 0.75 mg, or insulin glargine, each added to insulin lispro, in 576 patients with T2DM and moderate-to-severe CKD (stages 3-4). 41 After 52 weeks, similar HbA1c reductions from baseline were observed with dulaglutide 1.5 mg (−1.1% [−12.0 mmol/mol]), dulaglutide 0.75 mg (−1.1% [−12.0 mmol/mol]), and insulin glargine (−1.0% [−10.9 mmol/mol]; P < .0001 for all), while dulaglutide was associated with greater weight loss and a lower rate of hypoglycemia.
Dulaglutide was also associated with a reduced decline in eGFR (a secondary outcome of the trial) compared with insulin glargine. 41 After 52 weeks, eGFR was higher with dulaglutide 1.5 mg (34.0 mL/min/1.73 m 2 ; P = .005 vs insulin glargine) and dulaglutide 0.75 mg (33.8 mL/min/1.73 m 2 ; P = .009 vs insulin glargine) compared with insulin glargine (31.3 mL/min/1.73 m 2 ). Reductions in the secondary outcome of UACR were numerically, although not significantly, greater with dulaglutide (dulaglutide 1.5 mg, −22.5%; dulaglutide 0.75 mg, −20.1%; insulin glargine, −13.0%). Thus, while glycemic efficacy was similar with dulaglutide and insulin glargine, dulaglutide demonstrated additional potential renal benefits.
The Researching Cardiovascular Events with a Weekly Incretin in Diabetes (REWIND) trial (N = 9901), which included~22% of patients with eGFR <60 mL/min/1.73 m 2 , studied cardiovascular outcomes with dulaglutide vs placebo among patients with T2DM who had a previous cardiovascular event or cardiovascular risk factors. 49 The incidence of a composite renal outcome, comprising UACR >33.9 mg/mmol in those with a lower baseline concentration, sustained ≥30% decline in eGFR, or chronic renal replacement therapy, was lower with dulaglutide vs placebo (17.1% vs 19.6%; HR, 0.85 [95% CI, 0.77-0.93]; P = .0004) ( Figure 1 ). This result was driven by a 23% reduction of new-onset macroalbuminuria. 50 Placebo-subtracted reductions in cardiorenal risk factors, including SBP (−1.70 mmHg; P < .0001) and body weight (−1.46 kg; P < .0001), were also observed. 49 
| Semaglutide
In the Semaglutide Unabated Sustainability in Treatment of Type 2 Diabetes (SUSTAIN)-6 study (N = 3297), a cardiovascular outcome trial, 25%, 3%, and 0.4% of patients had eGFR 30-59, 15-29, and <15 mL/min/1.73 m 2 , respectively. 48 An analysis of the primary outcome of MACE by renal function subgroup showed no significant treatment interaction. The SUSTAIN-6 study also had a prespecified secondary outcome of new or worsening nephropathy (defined as new-onset persistent macroalbuminuria, persistent doubling of serum creatinine level, and creatinine clearance <45 mL/min/1.73 m 2 [per Modification of Diet in Renal Disease criteria], the need for continuous renal replacement therapy, or death due to renal disease). A smaller proportion of semaglutide-treated patients experienced new or worsening nephropathy vs that with placebo (3.8% vs 6.1%; HR, 0.64 [95% CI, 0.46-0.88]; P = .005) ( Figure 1 ). This result was driven by a 46% reduction in macroalbuminuria.
| Effect of GLP-1RAs on renal outcomes across cardiovascular outcome trials
A recent meta-analysis of cardiovascular outcomes trials, including EXSCEL, ELIXA, LEADER, and SUSTAIN-6, examined the effect of GLP-1RAs on progression of kidney disease. 57 GLP-1RAs were associated with an 18% reduction in the risk of a broad composite renal outcome consisting of new-onset macroalbuminuria, worsening of eGFR, ESRD, or death due to renal causes compared with placebo (HR, 0.82 [95% CI, 0.75-0.89]; P < .001). The reduction in risk was driven primarily by a reduction in macroalbuminuria, as excluding this outcome from the analysis resulted in a nonsignificant risk reduction. These results suggest that GLP-1RAs reduce renal events mainly by reducing macroalbuminuria.
| MECHANISMS OF ACTION
Renal benefits of GLP-1RAs may be attributable to favorable effects on cardiorenal risk factors, including improved glucose control, BP lowering, and weight loss. In addition, GLP-1RAs may have direct renal effects, as GLP-1 receptors are expressed in the kidney. 58 The mechanism of action of GLP-1 in the kidney is not completely understood, but may involve both neural and nonneural pathways. 59 A gut-renal axis is possible, with regulatory linkages through the gastrointestinal tract, central nervous system, and kidney (Figure 2 ). 2 The main physiologic effect of GLP-1 on the kidney may possibly be to reduce prandial intraglomerular pressure to reduce macronutrient loss in the glomerular filtrate. This would allow increased time for macronutrient uptake by other tissues without having to expend energy to transport macronutrients back into the body through the proximal tubule or overwhelming the proximal tubule reuptake system for macronutrients, such as glucose, amino acids, and free fatty acids. It may do so by decreasing sympathetic activity at the glomerulus through the central nervous system or by direct effects on the mesangium and renal interstitium.
Several studies have reported GLP-1RA-induced natriuresis in healthy subjects and in patients with T2DM, [60] [61] [62] [63] possibly resulting from decreased activity of the sodiumhydrogen exchanger 3 (NHE3). GLP-1 receptor activation has been shown to inhibit activity of NHE3 in the proximal tubule, which would increase distal tubular sodium transport in the kidney to the macula densa, resulting in tubular glomerular feedback with a reduction in intraglomerular pressure, hyperfiltration, and renin-angiotensin system activity. 2, 58, 64 Reducing intraglomerular pressure would be expected to have an antiproteinuric effect in the diabetic kidney and help preserve kidney function.
| CONCLUSIONS
DKD is a common comorbidity of T2DM; therefore, glucose-lowering treatments that are efficacious, do not increase hypoglycemia, and may have additional benefits for the kidney are of interest. In the limited number of studies to date investigating the effect of renal function on the efficacy of GLP-1RA treatment, GLP-1RAs improved glycemic control in patients with mild to moderately impaired kidney function, without significant differences compared with patients with normal renal function.
Hyperglycemia, obesity, and hypertension all contribute to the development of kidney and heart disease, 4 and the multiple effects of GLP-1RAs for improving glycemic control, body weight, and BP may be beneficial for delaying the onset or progression of DKD. However, GLP-1RAs may potentially have direct effects on the kidney as well.
In animal models, GLP-1RAs may have a renoprotective effect, as demonstrated by improvement in some renal function measures and histologic features. In addition, these agents were associated with a lower incidence of diabetic nephropathy and/or albuminuria compared with placebo in several large clinical studies. These observations should be the basis for continued research efforts into the long-term effects of GLP-1RAs on kidney function and mechanistic studies examining how GLP-1RAs affect the kidney, potentially through the gut-renal axis.
For now, GLP-1RAs should be considered in combination with other complementary glucose-lowering medications in patients with CKD, due to their safety and ability to lower glucose in a glucose-dependent manner.
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